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Edited by Irmgard SinningAbstract Mutations in the KCNQ2 gene cause myokymia and
neonatal epilepsy, indicating that this K+ channel regulates the
excitability of lower motoneurons and CNS neurons. Little is
known about the parameters that direct the assembly of this mul-
timeric molecule and other KCNQ subunits. Here, we show that
the carboxy-terminal subunit interaction domain of KCNQ2
autonomously folds and assembles into tetramers. This domain
contains a bipartite coiled-coil motif. Whereas structural integ-
rity of the second coiled-coil motif is crucial for tetramer forma-
tion, that of the ﬁrst motif is less important. These data suggest a
crucial role of coiled-coil motifs in tetrameric KCNQ channel
assembly.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Voltage-gated K+ channels are multi-subunit proteins with
the core channel consisting of a tetramer of a-subunits, which
surround a K+-selective pore. Current understanding of the
mechanisms that govern K+ channel assembly is incomplete.
So far, two types of domains involved in K+ channel assembly
have been described. In Shaker-related K+ channels an amino-
terminal domain (T1) was found important for channel assem-
bly. In contrast, carboxy-terminal sequences are required for
assembly of functional ether-a`-go-go (eag) [1] and KCNQ
(Kv7) channels [2–4]. The KCNQ subfamily is of outstanding
physiological importance, since mutations in four out of ﬁve
KCNQ genes cause human inherited diseases [5]. Mutations
in either KCNQ2 and KCNQ3 lead to benign familial neonatal
convulsions [6–8], whereas mutations in KCNQ2 can also be
associated with myokymia [9]. Although KCNQ2 and KCNQ3
a-subunits form functional heterotetramers [10,11] and are co-
localized in several neuronal populations [12], both proteins
are not always simultaneously present in subsets of neurons
[13]. It is thus likely that homomeric KCNQ2 and KCNQ3Abbreviations: CAPS, 3-cyclohexylaminopropane-1-sulfonic acid; eag,
ether-a`-go-go; HEPES, N-2-hydroxyethylpiperazine-N 0-2-ethanesulf-
onic acid; IPTG, isopropyl-b-D-thiogalactopyranosid; LB, Luria–Ber-
tani; RV, retention volume; Tris, tris(hydroxymethyl)-aminomethane
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doi:10.1016/j.febslet.2007.03.024channels, which both are known to be functional in heterolo-
gous systems [11,14], are also expressed in native tissues.
Whereas KCNQ3 can form functional heteromers with
KCNQ2, KCNQ4 and KCNQ5 [15], KCNQ1 is unable to het-
eromerize with other KCNQ a-subunits. The assembly of
KCNQ channels remains incompletely understood [3,16–18].
Previous work has indicated that the subunit-speciﬁc homo-
and heteromerization between KCNQ a-subunits is deter-
mined by a subunit interaction (si) domain within the
carboxy-terminus [2]. Within this si domain two 30 amino
acid-long motifs have been identiﬁed, which exhibit a high
probability for coiled-coil formation [1]. Recently, we could
show that the ﬁrst coiled-coil regions of KCNQ2 and KCNQ3
are required to form functional homomeric as well as hetero-
meric channels, whereas the second coiled-coil domains rather
facilitate an eﬃcient transport of heteromeric KCNQ2/
KCNQ3 channels to the plasma membrane [4].
In order to understand the molecular mechanism of KCNQ2
homomerization, we used biochemical methods to show that
the si domain from KCNQ2 autonomously forms an ordered
a-helical structure, which is capable of self-assembly into tetra-
mers.2. Materials and methods
2.1. Plasmid construction
Human KCNQ2 cDNA sequences were ampliﬁed by PCR and
cloned into either the NdeI/XhoI sites (for the KCNQ2sid construct),
or the KpnI/XhoI sites (for the His-tagged KCNQ2sid-t construct) of
the pET30 vector (Merck, Darmstadt, Germany). The amino-terminal
amino acid sequence of the tagged KCNQ2sid-t construct is as follows:
MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDSPDLGTD-
DDDK, the untagged KCNQ2sid construct contains a start methionine
in frame with the si domain. All PCR-derived cDNA sequences were
veriﬁed by sequencing.
2.2. Protein expression, puriﬁcation and refolding
Protein expression was carried out in E. coli Rosetta strain (Merck,
Darmstadt, Germany) in Luria–Bertani (LB) media at 37 C, with
induction at an optical density of 0.5-0.8 with 1 mM isopropyl-b-D-thi-
ogalactopyranosid (IPTG) for 3 h. Cells were harvested by centrifuga-
tion. Bacteria pellets were lysed in lysis buﬀer (20 mM HEPES,
500 mM NaCl, 2.5 mM MgCl2, 0.1 mM CaCl2 (pH 7.4) and 1 mg/ml
lysozyme) by soniﬁcation, followed by 0.5 h incubation on ice. The
inclusion bodies (IBs) were isolated by centrifugation and resuspended
in DNase/RNase buﬀer (50 mM Tris/HCl, 10 mM MgCl2, 1 mM
CaCl2 pH 7.5, 5 lg/ml DNaseI (Roche, Mannheim, Germany), 5 lg/
ml RNase A (Fermentas, Burlington, Canada)) and incubated at
37 C for 4 h. Afterwards, the IBs were washed at 4 C with detergent
containing high salt (2 M NaCl, 50 mM Tris/HCl and 0.1% Tween 20,
pH 7.4) and low salt buﬀer (150 mM NaCl, 50 mM Tris/HCl, pH 7.4)blished by Elsevier B.V. All rights reserved.
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chloride, 50 mM Tris/HCl buﬀer (pH 8.0). The resulting solution was
applied to nickel-nitrilotriacetic (Ni-NTA) agarose beads (Qiagen, Hil-
den, Germany), washed with the same buﬀer and eluted with 6 M
guanidinium chloride, 50 mM Tris/HCl buﬀer (pH 8.0) containing
250 mM imidazole. The proteins were refolded by dialysis against
50 mM 3-cyclohexylaminopropane-1-sulfonic acid (CAPS) (pH 11)
(Roth, Karlsruhe, Germany). Untagged KCNQ2sid IBs were dissolved
in 6 M guanidinium chloride, 50 mM Tris/HCl buﬀer (pH 8.0) and di-
rectly dialysed (as described above). Samples were concentrated with
Vivaspin20 ultraﬁltration cells (Vivascience, Hannover, Germany).
Protein concentrations were calculated from UV-spectra by using the
method of Waxman [19].
2.3. Size-exclusion chromatography (SEC)
SECs were performed at 4 C using a Superdex 75 16/60 column
(General Electric Healthcare, London, Canada) run in 50 mM CAPS
(pH 11). SEC calibration standards (Amersham Biosciences, London,
Canada) were used to generate a standard curve.2.4. Circular dichroism (CD)
CD measurements were carried out with a Jasco J-720 spectropolar-
imeter at room temperature (Japan Spectroscopic Co., Ltd., Tokyo,
Japan) using a cell of 0.01 cm length and a spectral bandwidth of 2 nm.Fig. 1. Topology map of KCNQ channels, amino acid sequence and
secondary structure prediction of the KCNQ si domain. (A) KCNQ2.5. SDS–PAGE
Protein samples were analyzed by using a 15 % SDS–PAGE and
stained with Coomassie Brilliant Blue.K+ channel subunits have a Shaker-like structure, with a long
intracellular carboxy-terminal domain. The subunit interaction do-
main (si) is located within the C-terminus and two amino acids
sequences with high coiled-coil probability reside within the si domain.
(B) Sequence alignment of the si domains from all KCNQ channels
with the coiled-coil probabilities determined by the Coils program [24].
In detail: KCNQ1 (cc1 = 99% and cc2 = 83%); KCNQ2 (cc1 = 37%
and cc2 = 78%); KCNQ3 (cc1 = 2% and cc2 = 59%); KCNQ4 (cc1 =
13% and cc2 = 91%) and KCNQ5 (cc1 = 16% and cc2 = 94%). The
coiled-coil domains are depicted as dark grey boxes and the predicted
a-helices for KCNQ2 are indicated by an H, respectively. Secondary
structure prediction was performed with the program ‘‘PredictProtein’’
(http://www.predictprotein.org/). The leucine residues in KCNQ2,
which were substituted for prolines, are marked with asterisks.3. Results
3.1. The si domain from KCNQ2 self-assembles to tetramers
The topology of KCNQ channels is similar to that of other
Kv channels (Fig. 1A). Within the unusually long C-terminus
the si domain is located which has been implicated in channel
assembly [2]. The si domains of KCNQ channels comprise two
putative coiled-coil domains separated by a linker of variable
length (Fig. 1B) [4]. However, the diﬀerences in the coil score
particularly of the ﬁrst domain are remarkable (99% versus
2% probability for KCNQ1 and KCNQ3, respectively [4]),
although this domain is highly conserved (Fig. 1B). Since be-
sides KCNQ2/KCNQ3 heteromers, which give rise to the neu-
ronal M current, also the physiological importance of
homomeric KCNQ2 has been shown [13], we decided to more
closely investigate the assembly properties of the KCNQ2 si
domain.
To address the question whether the si domain from
KCNQ2 could function as an autonomously folded assembly
domain, we expressed and puriﬁed a fusion protein in which
the KCNQ2 si domain was N-terminally tagged with His6
(KCNQ2sid-t), and an untagged KCNQ2 si domain-containing
protein (KCNQ2sid). After expression and refolding as de-
scribed in Section 2 both proteins could be puriﬁed (Fig. 2A)
and were subjected to quarternary structure analysis. In size
exclusion chromatography (SEC) experiments both the tagged
and the untagged KCNQ2 si domain were found capable of
self-assembly (Fig. 2B). Both recombinant si domains run as
a mixture of aggregates and oligomers. The SEC of the oligo-
meric protein fractions from the ﬁrst SEC shows that both pro-
teins are stable in terms of their quarternary structure. The
oligomers elute at sizes of 70.1 kDa (KCNQ2sid-t) and
49.3 kDa (KCNQ2sid), respectively. Samples of these fractions
were analyzed by MALDI-TOF mass spectrometry with good
agreement between the measured and theoretically expected
monomer masses (data not shown). Next, we used CD spec-troscopy to determine the secondary structure of the proteins.
In both cases the CD spectra displayed prominent minima at
208 and 222 nm that are characteristic for a-helical proteins
(Fig. 2C). The helical contents of the KCNQ2sid-t and the
KCNQ2sid protein were calculated to 27.1% and 34.6%, respec-
tively (Table 1; [20]), the diﬀerence can be explained by the
presence of the tag in KCNQ2sid-t. These data are consistent
with the formation of coiled-coils. Together our data indicate
that the KCNQ2 si domain has a high helical content, is capa-
ble of self-assembly, and that the presence of the amino-termi-
nal tag does not inﬂuence the secondary or quarternary
structure properties.
Since the si domain proteins of KCNQ2 eluted as predomi-
nant peaks in SEC experiments without further oligomers at
lower molecular weight, both proteins exhibit a speciﬁc oligo-
merization behavior. However, the calculated oligomer sizes
(Table 1) are close to pentamer values, somewhat in contrast
to the tetrameric nature of voltage-gated potassium channels.
The diﬀerence between the theoretical tetramer size and the size
calculated from SEC can be due to the diﬀerent hydrodynamic
properties of the standard and the test proteins. Whereas BSA
is heart-shaped and ovalbumin is ellipsoid, coiled-coils are
expected to be rod-shaped. Thus, the resulting standard curve
may not be appropriately precise for such molecules.
Fig. 2. Puriﬁcation and structural properties of the KCNQ2 si
domain. (A) SDS–PAGE demonstrating the expression and puriﬁca-
tion of KCNQ2sid and KCNQ2sid-t. () Bacterial lysate before and (+)
after induction with IPTG. (IB) indicates pure inclusion bodies after
fast dilution with refolding buﬀer and (Ni) the dialysis after washing
and elution from Ni-NTA agarose beads. (Dial) Dialyses directly from
dissolved inclusion bodies. Arrows indicate the overexpressed proteins.
KCNQ2sid-t has a calculated molecular weight of 14.5 kDa, KCNQ2sid
of 9.9 kDa. (B) Size-exclusion chromatography of the KCNQ2 si
domain proteins. The grey lines show the ﬁrst chromatography after
refolding of KCNQ2sid-t and KCNQ2sid, respectively. The black lines
depict the re-chromatography of the concentrated oligomeric peaks of
the ﬁrst chromatography. Molecular weights of standard proteins are
given as kDa and are indicated as dots (vv: void volume). The insets
show the respective standard curves. The calculated and measured
tetramer weights are represented by triangles or squares, respectively
(RV: retention volume). (C) CD spectra of KCNQ2sid-t (black line) and
KCNQ2sid (grey line). [H]
MRW is given in (deg. cm2 dm1) · 103.
Table 1
Coiled-coil probabilities, analysis of the CD spectra and SEC results
Protein Coiled-coil
probability
a-Helical
content
(%)
RV
(ml)
Oligomer
status
TCC1 TCC2
KCNQ2sid 0.369 0.776 34.6 57.1 4.97
KCNQ2sid-t 0.369 0.776 27.1 51.5 4.81
Q2sid-t-L585P 0.001 0.776 16.8 49.7 5.38
Q2sid-t-L637P 0.369 0.123 10.2 59.8 2.86
Q2sid-t-L585/637P 0.001 0.123 7.3 60.8 2.67
Fig. 3. Size-exclusion chromatography and CD spectra of mutated
KCNQ2 si domain constructs (A) KCNQ2sid-t, (B) KCNQ2sid-t-L585P,
(C) KCNQ2sid-t-L637P and (D) KCNQ2sid-t-L585/637P SECs (left
panels) and CD spectra of concentrated oligomeric fractions (right
panels) are shown. Molecular weights of standard proteins for the SEC
are given as kDa and are indicated as dots in the left panels (RV:
retention volume; vv: void volume). [H]MRW is given in
(deg. cm2 dm1) · 103.
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domains
Coiled-coil motifs are frequently found in ion channels [1].
In most cases, the motif is a continuous stretch of periodically
repeated hydrophobic residues, while for KCNQ channels the
predicted coiled-coil motif is bipartite due to the presence of
C. Wehling et al. / FEBS Letters 581 (2007) 1594–1598 1597putatively helix-breaking amino acids inbetween. In case of
KCNQ2 the linker between the two coiled-coil regions is about
30 amino acids long (Fig. 1B), suggesting that these motifs are
well separated. To investigate the structural signiﬁcance of the
two coiled-coil regions for tetramerization of the KCNQ2 si
domain, we inserted proline residues to disrupt the helical
structure of the coiled-coil regions (Table 1). Therefore, we ex-
pressed and puriﬁed the single mutants KCNQ2sid-t-L585P,
KCNQ2sid-t-L637P and the double mutant KCNQ2sid-t-L585/
637P and analyzed the self-assembly properties of these pro-
teins (Fig. 3). SEC and CD experiments demonstrated that dis-
ruption of the ﬁrst coiled-coil structure by the L585P mutation
did not change the self-assembly properties but inﬂuenced the
secondary structure of the KCNQ2 si domain (helical content:
16.8%; Table 1; Fig. 3B). In contrast, the KCNQ2sid-t-L637P
protein self-assembled to dimers and the CD spectrum showed
that the secondary structure of this protein exhibited random
coil characteristics (helical content: 10.2%; Table 1; Fig. 3C).
These assembly and secondary structure properties applied
also for the double mutant KCNQ2sid-t-L585/637P (helical
content: 7.3%; Table 1; Fig. 3D), suggesting that the si domain
of KCNQ2 is capable to form dimers independent of the for-
mation of a-helices. Again, samples of the oligomeric fractions
from the SECs of all three mutants were subjected to MALDI-
TOF (peptide mass ﬁngerprinting) analysis, which proved the
identity of the analysed proteins (data not shown).
In summary, our data suggest that the isolated si domains of
KCNQ2 can associate into a four-stranded coiled-coil, which
could be a prerequisite for tetrameric channel assembly. More-
over, the presumably helical structure of the ﬁrst coiled-coil re-
gion within the KCNQ2 si domain is not necessary for the self-
assembly of the domain, whereas the secondary structure of
the second coiled-coil region appears to be much more crucial
for this process.4. Discussion
Previous work has shown that the subunit-speciﬁc interac-
tion of KCNQ subunits is mediated by the si domain [2,4].
An open question was, whether the si domain might fold
and assemble autonomously. Our results demonstrate that
the si domain of KCNQ2 self-assembles to tetramers and that
the isolated si domain contains a-helical structures, consistent
with the prediction of coiled-coil formation. The recent ﬁnding
that a KCNQ2 mutant lacking this region (KCNQ2-Dsid) is
not functional when expressed in Xenopus oocytes [4] sup-
ported the importance of the si domain in channel assembly.
The impact of the two coiled-coil stretches, ﬁrst, on assembly
on the level of the isolated si domains and, second, on assem-
bly and function of full-length channels is complicated and the
eﬀects of mutations in either of the two coiled-coil regions are
not readily predictable. In detail, the KCNQ2sid-t-L585P pro-
tein assembles to tetramers but the corresponding mutant of
full-length KCNQ2 did not yield currents [4]. These data sug-
gest that the structural integrity of the ﬁrst highly conserved
coiled-coil region is apparently less important on the level of
channel assembly but rather directly aﬀects channel function
or traﬃcking, a hypothesis to be addressed in future experi-
ments. Conversely, the KCNQ2sid-t-L637P protein only forms
dimers. The corresponding full-length channel mutant
KCNQ2-L637P is functional in Xenopus oocytes, but did notform heteromeric channels with KCNQ3 [4]. It has been sug-
gested that the general pathway of voltage-gated K+ channel
assembly involves a dimerization of dimers and that dimer–di-
mer interaction sites diﬀer from those in monomer–monomer
interaction [21]. Our results could imply that heteromeric
channel formation between KCNQ2 and KCNQ3 subunits is
speciﬁcally due to a dimer–dimer interaction between the sec-
ond coiled-coil domains, which can be disrupted by the
L637P mutation in KCNQ2, whereas the structural require-
ments for dimer–dimer interactions during homomeric
KCNQ2 channel formation are less stringent. The fact that
the mutated si domain forms dimers independent of coiled-coil
sequences, whereas tetramers depend on those sequences may
additionally indicate diﬀerent interaction sites for monomer–
monomer and dimer–dimer association. However, the ﬁndings
that both the KCNQ2-L637P mutant and KCNQ2 channels,
that lack the second coiled-coil region, still yield functional
homomeric channels in oocytes [4], can also be due to high
protein levels in this heterologous expression system, as it
was shown for disruptions of the well characterized T1 tetra-
merization domain of Shaker-type channels [22,23]. The exact
details of how the si domain of KCNQ2 channel might direct
assembly and determine subunit-speciﬁc preferences may be
settled at last with the advent of high-resolution structural
data.
KCNQ coiled-coil sequences show remarkable variability in
the coiled-coil probabilities (Fig. 1B). Of all KCNQ channels
KCNQ1 has the highest coil score for both the ﬁrst and the
second coiled-coil (see Fig. 1 and [1]). Especially, the coil
scores for the ﬁrst coiled-coils of KCNQ2 and even more so
for KCNQ3 are substantially smaller, despite the high homol-
ogy in this region for all KCNQs. It is tempting to speculate
that this exclusively high score for KCNQ1 coiled-coil do-
mains might determine the unique assembly speciﬁcity of this
channel. Since apparently only a few amino acids make the dif-
ference further mutagenesis combined with structural studies
need to be done to understand the molecular details of these
distinct diﬀerences.
In summary, our data demonstrate the autonomous assem-
bly properties of the KCNQ2 si domain and support a distinct
role for coiled-coils in KCNQ channel assembly and function.
However, full structural characterization will be needed to
understand the self-assembly properties of the KCNQ si do-
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